Abstract An attempt is made to improve the evaluation of the prompt fission neutron emission from 233 U(n, f) reaction for incident neutron energies below 6 MeV. The multi-modal fission approach is applied to the improved version of Los Alamos model and the point by point model. The prompt fission neutron spectra and the prompt fission neutron as a function of fragment mass (usually named "sawtooth" data) υ(A) are calculated independently for the three most dominant fission modes (standard I, standard II and superlong), and the total spectra and υ(A) are synthesized. The multi-modal parameters are determined on the basis of experimental data of fission fragment mass distributions. The present calculation results can describe the experimental data very well, and the proposed treatment is thus a useful tool for prompt fission neutron emission prediction.
Introduction
The prompt fission neutron spectra and the "sawtooth" data of actinides are crucial nuclear data for nuclear application and theory, and thus a new calculation approach of these quantities with higher accuracy is required. Especially for 233 U(n, f) reaction, being the new generation nuclear fuel [1] , the properties of prompt neutron are significant for the design of fusion-fission hybrid reactor. It is necessary to develop an improved method for evaluating the prompt fission neutron emission, based on nuclear models which incorporate more physical effects in a consistent way.
In the calculation of the prompt fission neutron spectrum for actinide, several new models have been developed to substitute the Maxwell and Watt spectrum [2] in the recent two decades. While the Dresden model [3] and the Hauser-Feshbach model [4] require too many input parameters, the Los Alamos model [5, 6] (abbreviated to LA model hereafter), which accounts for the distribution of fission-fragment (FF) excitation energy, the energy dependence of the inverse process, the motion of FFs emitting neutrons and the multiple chance fission at high incident neutron energy, is widely used for its good predictive capability with less input parameters. And based on the LA model, the "point by point" model [7, 8] (PBP) is extended to calculate the prompt fission neutron as a function of the fission fragment.
The multi-modal random neck-rupture model [9, 10] has been used to quantitative prediction of FF properties. If scission takes place in different fission modes, the energy partitions and the nuclear properties of FFs before neutron emission, and thus the prompt fission neutron emission are all dependent on fission mode. The multi-modal analysis of the prompt neutron spectra and the sawtooth υ(A) is necessary and has been applied to some calculations of prompt neutron spectrum of several actinide nuclei isotopes by OHSAWA [11∼13] , HAMBACH [14∼16] , VLADUCA [17] , and ZHENG [18, 19] et al. In the present work, an attempt is made to improve the evaluation of the prompt fission neutron spectrum and the swatooh from 233 U(n, f) reaction for incident neutron energy below 6 MeV, incorporating the concept of the multi-modal for the first time. The three most important fission modes, two asymmetric modes named standard I (S1) and standard II (S2), and one symmetric mode named superlong (SL) are taken into account. A detailed analysis of the fragment mass distribution is performed on the experiment data [20] to determine the multi-modal parameters. The partial spectrum and the swatooh for each mode are calculated by the improved LA model [6] and PBP model [8] , and the total spectrum and swatooth are synthesized. The calculated results are compared with the experimental data.
Method

Basic features
Based on the multi-modal fission approach, the prompt neutron spectrum N tot (E), multiplicity υ p , and the fission fragment multiplicity as a function of fragment mass υ(A) are calculated as the superposition of prompt neutron spectra, multiplicities and sawtooth associated with a particular fission mode from the following expressions:
In Eqs. (1), (2) and (3) are respectively the prompt fission neutron spectrum, multiplicity and swatooth for mode m. The procedures of the prompt neutron spectrum N tot (E) and multiplicity υ p have been reported in previous works [6, 18] . The prompt neutron multiplicity of each FF pair (indexed i) of each mode is given by
where E r,im is the energy released to product the ith FFs corresponding to the mode m, T KE im is the kinetic energy of the i-th FFs, S n,im is the neutron separation energy from the i-th FF, and < ε > m is the first order moment of the center-of-mass system spectrum of each mode, E n is the incident neutron energy, B n is the separation neutron energy from the fission compound nucleus, the A is the mass number of the compound nuclear undergoing fission, A Li and A Hi are the mass number of the light fragment and heavy fragment of the i-th FFs, and the p and q are parameters corresponding to the compound nucleus [21] .
Calculations of multi-model parameters
The multi-modal parameters contained in the LA model are calculated for 233 U with incident neutron energy ranging from 0.0253 eV to 5.42 MeV, where only the first fission chance is involved. The experimental FF yield Y (A) data [20] are analyzed to determine the parameter involving the multi-modal branching rations ω m , the average FF mass of each modalĀ m , the standard deviation of the FF mass distribution of each mode σ Am . In the present work, the experimental FF mass range (A L ∈ [70, 117] and A H ∈ [118, 170]) is taken into account. For each FF mass pair, four isobars per mass are taken into account with values of the nuclear charge Z around the most probable charge.
Fragment mass distribution
Based on the systematic study [22] , the fragment mass distribution can be described by several Gausses. Five Gausses are used here to analyze the experimental fission fragments mass distributions. The results of the fitted fission fragment mass distribution of each mode and the sum of them are compared with the experimental data for 233 U(n, f) reaction at the incident neutron energies of 0.45 MeV, 1.45 MeV, 3.15 MeV and 4.58 MeV, as shown in Fig. 1 . It can be seen that the multi-modal calculation can reproduce the experimental data, and it also shows that the branching ration of SL mode increases with the incident neutron energy, and the positions of the S1 and S2 modes are invariable, which corresponds to the shell effect. 
Energy released and FF neutron separation energy for each mode
The average energy released and average FF neutron separation energy for each fission mode m are calculated by the mass excess using the Reference Input Parameter Library-2. All the fission fragments analyzed in section 2.2.1 are taken into account in the present work, with the charge number chosen as the nearest integer value above and below the most probable charge.
The interdependence between < E r > m , < S n > m and incident neutron energy E n is shown in Fig. 2(a) and Fig. 2(b) , respectively.
Multi-modal kinetic energy of the FF
The kinetic energy of the i-th FF pairs which can be written as:
where E Cou,i and E nuc,i are the Coulomb repulsion and nuclear energy between the newborn fragments, K s,i is Fig.2 (a) The average fission fragment neutron separation energies for fission mode S1, S2 and SL, (b) The average energies released in fission for fission mode S1, S2 and SL the prescission kinetic energy. The formulas given by Brosa [9] are used to calculate E Cou,i and E nuc,i , and the upper limit of 8 MeV [23] is chosen for K s,i .
The calculated values of the average total kinetic energy T KE(A) of the FFs from
233 U (n, f) reaction at E n = 2.45 MeV [20] are plotted versus the fragment mass in Fig. 3(a) . The calculation results of the average total kinetic energies of the fragments for the S1, S2 and SL modes are shown in Fig. 3(b) as a function of the incident neutron energy. Fig.3 (a) The comparison of the experimental data [20] (symbols) with the simultaneous fit of the T KE(A) at En = 2.45 MeV, (b) The fission fragment multi-modal average kinetic energies As can be seen in Fig. 3(a) , there are some differences between the calculation results and the experimental data for kinetic energy of each fission fragment, and the difference of average total kinetic energy is only 0.5%.
Results and discussions
3.1 Analyses of partial spectra of 233 U(n, f )
The neutron spectra of 233 U(n, f) reaction for neutron incident energy below (n, f) threshold are calculated in the present work. The calculated partial spectra for three modes are shown in Fig. 4 for E n = 2 MeV and 5 MeV, respectively.
From Fig. 4 , it can be found that the S1-spectrum is the softest, the partial spectrum of S2 became a little harder, and the SL-spectrum is the hardest. Since the deformation of the compound nucleus is larger, the corresponding partial spectrum will be harder. This can be interpreted as follows: the deformation of the compound nucleus in S1 mode is smallest, thus, the T KE is the largest due to the short charge-center distance, so the maximum nuclear temperature T m is the lowest. Fig.4 The calculated partial spectra of fission modes S1, S2, SL for En = 2 MeV and 5 MeV
Comparison of calculated total spectra with experimental data
The total prompt neutron spectra are calculated for thermal neutron and E n = 0.5 MeV, as shown in Fig. 5 , and compared with experimental data [24∼26] . The Maxwell spectra are also shown in the figure. It can be seen that the multimodal calculated results reproduce the experimental dada, and are in much better agreement with the experimental data than the Maxwell spectra. Fig.5 The total neutron spectra for thermal neutron and En = 0.5 MeV compared with the experimental data [24∼26] and the Maxwell spectra
Comparison between single modal and multimodal calculations
It is interesting to compare the calculation results of conventional single modal with those of the multimodal LA model. Unfortunately, the experimental data of prompt fission neutron spectrum is scarce, and there are only a few data for incident thermal neutron and 0.5 MeV, where the difference between the multimodal LA and single modal calculations is not very obvious, because the S2 mode plays the most dominate role in this energy region. Here the calculated results of the total neutron spectrum at incident neutron energy E n = 4.5 MeV are given in Fig. 6 to show the difference of the two methods. Fig.6 The total neutron spectrum calculated with conventional single modal and multi-modal modal at En = 4.5 MeV
Multiplicity as a function of the FF mass number
The multiplicities as a function of the FF mass υ A are calculated for thermal neutron, as shown in Fig. 7 . The calculated results are in good agreement with the experimental data [27] . Fig.7 Comparison of the multi-modally calculated multiplicity of each fission fragment for thermal neutron induced fission of 233 U with the experimental data [27] 4 Conclusions
The improved version of Los Alamos model with the multi-modal fission approach is used to calculate the prompt fission neutron spectra and the fission fragment multiplicity of 233 U(n, f) reaction for incident neutron energy below 6 MeV. Detailed multi-modal analysis of the fragment mass distribution is performed by taking three dominant fission modes (S1, S2, SL) into account. The total prompt neutron spectra and the multiplicity calculated in the present work can reproduce the relevant experimental data. The present methods can be used to provide prompt fission neutron data for the design of fusion-fission hybrid reactors.
